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roanium resigtors. C and D, have bheen referenced o values of tempersiure determined

by the NBS acoustical thermometer. The resislance temperalure calibration data for these resistors
m

have heen fitted to a funceion of the form lng,, &= 2 Antlogee Tin and the resulls are presented.  The

m=[
reaigtora (. and D that are used as secondary standards maintain the scale, NBS Provisional Scale

2= 20 (1965}, to which public calibravions of germaniun thermomelers are

referencad.

The calibration apparatue and measurement technigues that are emploved in calibrating submitted

registors are deseribed in detail. Additionally, dela o
by polynomial fitting are ineluded 1o demotiateate 1he
EETrmanium reaistors.
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1. Intraduction

Recently at the National Bureau of Standards a
provizional temperature scale in the ragion of 2 to 20
K was established, based on temperature values
derived with the Acoustical Thermometer[1, 2].! a pri-
mary thermometer. The temperature scale is pres-
ently maintained with six germanium resistance
thermometers. Their calibration is in elose apreement
[?] with other secondary thermometers in regions
where temperature calibrations overlap, i.e., 2 to 57K,
the Ti: Het YVapor Pressure Scale [3] and 12 to 20 °K,
NES {1935) Scale [4].2

In practice, temperature sensing devices should be
independent of thermal history and have a measur-
able temperature coeficient which covers a preseribed
temperature range as a smooth function of some param-
eter.  Some materials, i.e., carban, [3, 6, 7, 8], metals,
[9, 11, 11], and piezoelectrics [12] meet these require-
ments but are limited in the cryogenic temperature
renge 2 to 20 °K because of insensitivity, instability, ot
nonreproducibility. Some of the pure metals become
superconducting, i.e., indivm [13] and lead at tempera-
tures of 3.4 and 7.2 °K, respectively. Impurity doped
germanium semiconductors [14, 15, 16, 17, 18, 19]
exhibit a temperature-dependence of elecirical resist-
ance such that they are readily adaptable to the needs
of precise low temperature thermometers. By con-
trolling the impurity doping of germanium, thermom-

' Figares Im brachate indicata Lhe btervore reler=nces e the end of thie paper.
* Thee present MBS tempersture scale in this regeon, 13 7K and shave |8 meintg|eed wiah
atimem reslapom, ﬂuiﬁ;ml NES {19555 ood delimed o be 0.001 deg bower 1thin the
1

acabe given in reference
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I three Lypical calibrations and heir treatment
characteristies of some commercially available

low temperalures, seeondary thermomaters,

eters can be produced o cover temperatures within
various ranges of interest, i.e., 1 w 20 °K, 20 10 30 °K,
etc. Wilthin the useful range of these thermometers
two conduction processes are involved [20); at tempera-
tures below 10 °K, impurity conduction is the deminam
mechanism, while free hole conduction limits the
resistivity at the higher temperatures, To cover the
region 2 10 20 °K, a point-by-point calibration is neces-
sary because of the complicated conduction processes;
at the presemt time an accurate simple analytical
representation of resistance wversns temperature for
Zermeniom resistors does not exiat.

We will discuss the NBS Provisional Scale 2-20
(1965) and a “Germanium Thermometer Calibrator™
which is employed in calibrating germanium thermom-
eleTs against it.

2. NBS Provisional Temperoture Scale 2-20
(1965)

The remperature scale, inst which calibrations
are performed, is called NBS P 2-20 (1965) and is
bazed upon values of absolute temperature that have
been determined with the NBS Acoustical Thermom-
eter. This instrument and its operation have recently
been desctibed [2] but a more detailed description
{incloding tabular data that defines the isotherms)
will appear in the near future.?

During the operation of the acoustical thermometer
it was essential that secondary thermometers (in this

4To be publihed i & Tiube Eaws o Mocrdogia.



instatice, germaniom resistors that wete in intimate
thermal contact with the acoustical thermometer were
nsed] be employed to indicate the consztancy of main-
taining an isotherm temperature,! as well as to retain
a calibration of the acoustically determined isotherm
temperature,  This is accomplished by periodically
monitoring the resistance values of the germanium
resistors while the acoustical thermometer is in opera-
tion. Two paricular germaniuvm resistors, which
we can label A and B, have always served this function
and thus they have been calibrated by the acoustical
thermometer.  Additonally, twe other germaniom
resistors have been meunted in the apparatus and have
been used as additional monitoring resistors in the
acouslical thermometer., We shall name 1wo such
resistors C and . While C and D have been used
for monitoring the acounstical thermometer for certain
specific isotherms, they give reference to all of the
isotherms through celibrations against resistars A
and B.

{Quite nalorally the calibrations of C and I¥ against
A and B did not always Lake place at exactly the original
acoustically-determingd isntherm temperastures and

thus & knowledge of d—? ifor resistors A and B) was re.

quired for properly assigning temperatures to C and
D. Becaose the calibration temperatures of C and Tt
were never more than 0.035 °K from the acouwstically
determined isotherms, the required interpolations and

knowledge of %ﬂ% ffer A and B) did not cotically affect

the calihraticn of resiztors C and D (% values could

be established with sufficient accuracy far this interpo-

lation from the calibrations of A and B). In fact the

temperature of only six calibration points for resistor
C differed more than 0.020 °K from ihe original acous-
tically defined isctherm-temperatures; for D, one was
0.016 °K and the remainder less than 0012 "K. The
resistors C and D were never in the acoustical ther-
momeler together so their calibrations were performed
independently with regard to time and environmenlal
lecation within the acoustical thermometer appuratus.

Al this paoint it i= necezaary to note that previpus to
their calibration aome laboratory history of resistars
C and D) had been accumulated; this has been reported
in an earlier article [21]. The resislors were repeti-
tively, thermally cycled belween room temperature
and 4.2 °K, with systematic resistance-temperature
calibration: performed at a temperature close to
4.2 "K. A “constant temperature” liquid helinvm hath
contained the resistors during the 4.2 °K portion of the
cycle and thus, by measurements of the liguid helium
vapor pressure, a4 very reproducible temperature ref-
erence (to the T scale) was obtained. Resistor C
had been thermally cycled 88 times and demonstraied
a reproducibility of the 4.2 °K calibration within
0.0011 K resistor I} underwent 86 cyvcles and demon-
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steated a constancy within 0.0005 K. The estimated
error from various measurements in the cyeling proc-
ess was equivalent to 0.0004 °K. Appropriate atien-
tion has always been applied to the measuring currents
through the resistors to avoid undesired, appreciable
Juule heating.

After being calibrated with reference Lo the acousti-
cal thermometer, the resistors C and D were placed
within the calibrator, which will be described in this
article, and measurements of their resistances were
conducted a1 temperatures which closely approxi-
mated the original isotherm temperatures. More
specifically, the lemperature of the apparatos was
coniralled wntil the resistance meazurement of one
reaistor, for example, C, indicated that approximation
to an otiginal acoustical isotherm temperature had
been achieved. Next. at this temperature a value -
was obtained fur the resistance of D. Thus there
was afforded a comparison of indicaled temperatures
between C and I} wilhin the calibrator since, 1o repeat,
each resistor had been previously independently cali-
brated with reference to the acoustical thermometer.
Temperature discrepancies between C and D {afier
appropriate small interpolalions had been made),
from comparison measurements within the calibrator,
never exceeded 0.003 K. Consequently our asszign-
ment of temperatire values ta future calibrations in
the calibrator against C and D is slightly arbitrary.
The maximum temperatore discrepancy of 0.003 K
between resistors © and D, as obtained during the
calibrator vse, probably indicates that the combined
errors of electrical measurements and temperature
controlling correspond to about = 0.002 °K.

Thus temperatures have been associated with re-
sistors C and I for their use as secondary standards
in the calibrator. This information is presenled in
columns 1 and 2 of 1ables 1 and 2. We were desirous
of pozsessing more information about the resistors’
calibrations and consequently have performed a com-
puter analysis of the data. A polynemial of the form

logio R= S Adlogso T

=ik

was fitted to the Ky, and Tyue calibration data of
each resistor by the methad of least squares, A
double precision compurer program prepared by the
Statistical Engineering Laboratory was wpsed to over-
come the roundoff error characleristic of fitling high
order polynomials, and in rhis case the roundofl error
was several orders of magnilude smaller than other
experimental uncertainties, All dala were given
equal weight and m, the degree of the palynomial,
was varied from 3 to 8. The eighth order polynomial
produced & fit W the inpul dala such that no darum
point devisted from the polynomial by more than
0.0045 "K. The redaction in the sum of squares of
deviations due to the addition of rerms of higher vrder
was statistically significant (0.05-probability  level)
in all cases up ro and including the Bth depree. We
have not extended the analysis since we feel thar fit-



ting the data within 0.004 "K is a ressonable limit. It
is hoteworthy 1o tnention that as the lower temperature
dala puints are excluded, comparable fining is possible
with fewer terms in the polynonial.

After obtaining values of the 9 coeficients we ef-
fecled a compoter generation of remperature, resisi-

%,%,and %% at intervals of 0.010 K.

Using the generared %, simple interpolalivns have

ance,

been made to oblain values of generated resistance,
Rusns which correspond to the input temperatures,
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Taaa- These resislances, By, are listed in coluimn 3
ol tables 1 and 2. Colutnn 4 shows the difference be-
tween the inpul and generdled resistance: by again

. 2R .
employing the generated pra of column 5 we obtain 1he

lemperalure difference (AT of column 61 which cor-
responds to the resistance differences of column 4.
[t is readily apparent from column & of rables 1 and 2
that the temperature-resistance data for resistors C
and [ can be represented by an eighth order poly-
numial within 0.005 "K,

Additional information is obtained concerning the
polynomial and therefore, the resistors alse, since

(for each tesistor) ithe generated

Fry i
its sign; the fitted polynomial function is monotonically
smooth.  Consequently one is reasonably confident
that the fitted polynomials can be used for interpolat-
ing between original calibration points. Figures 1

does oot change

and 2 depict the variation of R versus T, and %%
versus T, respectively, for both resistors, C and D.
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While resistors C and D are the basis for present
calibrations from 2 to 20 °K at the National Bureau of
Standards, several other resistors exist that have been
similarly treated; additionally, resistors A and B are
still intact within the acoustical thermometer. Re-
sistor D, prior to its mounting in the acoustical ther-
mometer, had been calibrated at the National Bureau
of Standards against the NBS (1955} scale below 20 °K.
It was one of the two thermometers that afforded a
comparison, (which has bheen reported previously
[1, 2]} between values of acoustically determined
temperatures and the NBS (1955) scale.

ELECTRIC
LEADS

L —

55 TUBMNG ———

Ficure 3, Closeup photograph of the calibrator that is used in the
temnpreret e caliliration rl_Jr ECFRIORINE PORIATOFS,
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3. Calibrator®
3.1. General Design Considerations of Calibrator

Central to apparatus which we have constructed is
a solid copper eylinder. It is required, during the
course of calibration measurements, that the copper
mass and its contained resistors be maintained at
accurately controllable temperatures at approximately
every degree from 2 to 20 "K. To achieve this tem-
perature regulation the system must be quasi-thermally
isolated from its surroundings. The copper mass
and imbedded thermometers are shown in figure 3.
In operation (the smaller can having been soldered in
place) the copper mass and small can are included in
the large can. If a vacuum is maintained within the
larger can, then the small can and its contents are
partially isolated, thermally, from the environment
that contains the large can.

* Cerain commercial materials and equipment are ientified in this section in erder
adequately specily the experimental procedure,  In oo case does such identification
imply recommendation or endorsement by the Mathenal Buresu of Sandards, nor does
it imply that the material or squipment identified i=s necessarily the best available for the
purpose.

Ficure 4. Assembled calibrator.



Within the vacuum enclosure heat transfer by gas
conduction and convection is essentially eliminated,
and the stonall can will reduce radiant heat How between
the thermometers and the outer vacuum can. There
remaing, however, a thermal connectign between the
inner assembly and the outer can via electrical leads
and mechanically supporting members, i.e., the two
stainless steel tnubes, The inner assembly is thermally
floated at temperatires that exceed the enviconmental
temperature of the outer can, with a resultant tempera-
ture gradient along the electrical lead wires and stain-
less steel tmbes.

A more complete view of the calibrator is depicted
in figure 4. Uppermost is the Dewar cap, which
affords ingress of electrical leads and the stainless
steel tubings. Because the lower portion is in a liquid
helium bath during ealibrations any heat from ambient
lemperatures that is conducted downward slong the
leads and tubings iz dissipated in the refrigerant.
Thus it iz evident that under steady state conditions,
the interesting heat flow occurs from the inner as-
sembly toward the top of the outer vacoum can. The
dimensions of the supporting tobes and electrical
leads have been selected go that accurate temperature
contral of the copper core and resistors is attained
through a reasonable expenditure of electrical heating
to the copper cove,

3.2, Main Copper Corn

The main core {(A) of the izothermal system in figure
5 was constructed of 58,93 mm (diameter} copper rod.
Cavities 3.58 mm (dizameter) drilled at 60° angles to
its axis serve as recaptacles for the germanium ther-
mometers. Also machined in the core was a spool-
like section (B) upon which the heater coil was wound.
Directly above the coil form is the cap (K) for the inner
chamber. Silver soldered ta the cap’s perimeter is
a stainless steel tubing sleeve (L) 0.3 mm thick, 12.70
mm long. Soldered on the lower end of the tubing
is a copper rng (M} wilh a longued edge to receive
the groove of the small vacuum can of hgure 3. In
the cap (K) two 9.53 mm holes were drilled for the
platinum glass seals, a &.35 mm hole for an evacuabon
tube (H), a 9.53 mm opening for the supporting tubing
{1}, and four screw threads were tapped far the nylon
rods (Il. On the copper core below the coil form a
ppiral groove (I¥, 1.27 mm deep, three threads per cm,
was routed from the core’s perimeter to serve as a
channel for thermally anchoring the lead-in wires
that return upwards to the terminal ring {E}.

The terminal ring was fabricated from Teflon tubing
and contains terminal Ings made of 0.76 mm platinum
wire. The wire has been flattened on one extremity
and cot to extend %53 mm beyond the Tefon ring.
Holez 0.50 mm were drilled at the end of the platinum
lugs to secure the thermometer elecirncal leads pror
te their scldering. Twn szet screws attached the
ring to the copper core.

20 am

A Lu Cora G TERMINAL STRIP

B HEATER {QIL H FUMPING LINE {INMER CAN)

L CAYITIES FOR THERMOMETERS 1 HYLOH

o .os" DA GRODVES FOR WIRES J OUTER GAN PUMPING LINE

E AMNULAR TERMIMA4L STRIP K Lu CAPS OF CONS

F PLAT MM GLASS SEALS L STAIMLESS STEEL ALME
M Cu RING

Froure 5. Deteifed drowing of the cofibracor los-remperaivee
COMPORERLE.

3.3. Vacvum Chombars

For thermal isolation the above components were
encased withio a vaceum tight cannister. The vacuum
can was constructed of stainless steel tubing 58.93
mm diam, 114,30 mm long and 0030 mm thick with one
capped end of 0.50 mm thickness. A copper ring was
silver soldered 1o the open end of the can; the ring
was grooved 1o receive the tonpued edge (M} of the
can top.

The outer can tap was also made of copper and holes,
gimilar to those of the inner can, were drilled for the
insertion of seals and evacopation lines. There also,
a stainless steel sleeve thal termipates in a tongoed
copper ring was soldered to the cap’s circumference.
The reason for using the stainless steel sleeves in
both vacuum aystems may nat he obvious. In assem-
bling the apparatus, heating is required to solder the
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vacuum cans to the flanges {(M). If the heat were
sufficiently great, electrical lead insulation might be
damaged in regions where the insulation is in contact
with copper {the spiral groove (D) and the vacuom can
tops). Additionally, heating of the large copper core
would elevate the temperature of the germaniom ther-
mometers to such an extent that they might be dam-
aged. Precautions have been taken to avoid such
keating. (a} Wood's metal solder is used for assem-
bly because its melting point is relatively low. {b) The
stainless steel paths {L) provide a sofficiently large
thermal resistance that the solder joints can he made
with only a slightly perceptible temperature rise in
the vacoum can tops and the copper mass (A}, A simi-
tar dezign has been employed in mounting the platinum
glazs seals (F) to simplify their replacement.

3.4. Eleetrlcol Seals and Wiring

(lass-metal 1ype electrical lead-in seals were uvaed
exclusively in the construciion of the isothermal cali-
brating system. For ambient conditions, Kovar-glass
type copillacy-tubing seals were ntilized. At tempera-
tures where components are immersed in eryogenic
liquids, our experience has shown the necessity for
using platinum-glass 1ype seals. The NBS glass shop
made the %-capillary platinom-glass seals ¥ that were
incorporated in the system.

At ambient temperaiures where electrical leads
entered the Dewar system, eighteen #38 AWG double
nylon, enamel coated copper wires were fed through
and soldered to individual capillaries of two 9-capillary
Kovar-glass seals that were located on the Dewar cap.
The wires continued from the ambient seals, were
strung through and soldered to individual capillaries
of two platinum-glass seals (F} of the outer can, and
terminated at the 20-pin reciangular terminal strip {G).

From the terminal strip, 1.5% m lengths of Evanohm
wire were spiraled around the noiched nylon suppon-
ing rods (I} in six windings and the remaining lengths
of wire were passed through and soldered a1 the indi-
vidual capillaries of the two platihum-glass seals
that are moumed on the top of the inner vacoum can.
The remaining lengths of wire within the inner can
region were then snugly wonnd into the spiral groowe
(D) of the main copper core (A) and terminated at the
nylon ring {E). The strands of Evanohm wire were
wound around ithe nylon rods lo lengthen the thermal
tesistance paith along the lead wires, in effect, to re-
duce the temperatore pradient along the electrical
leads, since the temperature difference between the
isothermal system and its heat sink {cryogenic bath}
can differ by as muich as }8° doring & calibration run.
The enamel coated Evanohm lead wires were placed
in physical contact with the copper core to enhance
thermal equilibrium between resistance thermometers,
elecineal leads and the envircnment within the cali-
brating unit. Evanohm wire was uvsed becanse ita

*The oeals were thermally cycled from prabiom 1 Biuid lielinm tempecteamy = =aut
three Limen wand beak deaned an & tigns spectowmeter iype heliom beak detector priar bo their
uae i they salibwaror.
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resistance-lemperatore  coefficient i3 quile low.”
The heater coil was noninductively wound on spool
B} of figure 5, with 61.5 m of the above wire. The
wire dizmeter ig 0.10 mm and the wire has a resistance
of 1.65 [}cm.

4. Germanium Thermomaeters
4.1. Gensral Description

The bridge-shaped encapsulated germanium ther
mometer, shown in figure 6 with current contacts
external ta the potential contacts, has advanlages not
found in some other types. The germanium element
is mounted in a relalively strain-free manner within ita
encapsulation to reduce piezoresistance [20, 22]
that is exhibited by germanium at low temperatures.
Effects of contact resistances and possible thermal
strains in the contacts are relatively onimportam
because measuremenis are made potenticmetrically
and temporal changes in contacta de not necessarily
change the thermomester calibration [20]. Encapsula-
tion of the thermometer element in helivim exchange
gas aids the germanium element in achieving thermal
equilibrium with its metallic capsole,

4.2. Maunting of Thermometen

Leads of Lhe germanium thermomelers are soldered
with Wood’s metal to the platinum lugs of the aylon
terminal ring (E) using a low-powered soldering irom
tz minimize overheating of the germanium element
through heat conduction. A very dilute solution of
Baker's Flux {aqueous solution of the chlorides of Zn
and NH.) is used and upun completion of the seldering,
the terminal junctions are flushed with a swab and hot
waler o remove traces of flux.

The casings of the thermometers are placed within
the copper cavities. A primary consideralion in the
calibrator design is the attainment of thermal equi-
librium between the resislors (the sensor, gecondary
stapdards. and those to be calibraled). Since the
resistors are generally encapsulated, one must be
cancerned with the thermal equilibrium between each
resistor énd its encapsulation, as well as belween all

* A 2 and 713 °K. e resiativity i 025 ond 133 pdd o respectively [25)

TE:FLDN LINERA

GULD FLATED
COPFER CASING

I 1
GERMANIUM BRIDGE L_ I
ELEMENT W
CUTANAY WIEW SCHEMATIC

FIGuRE 6. Schamatic pertrayal of o Iypical germaninm resisoor
encapsulation.



cneapsulations.  Alter 1the germaniom therimometers
are wired into the cireuil and conlinuity and shorting
chocks made, the mter-most vacourmn cen s soldered
inlo place with Wood's metal, using a modified solder-
ing gun that possesses an annolar copper heater ele-
ment for uniform heating. Then the suler vacuum
can iz soldered inln place using a gas.air torch of fine
ortfice. Buoth vacuum systems are leak delected, and
again checks are made to assure circuil eontinuily and
adequate electrical insulation between the d-v elec.
trical cireuits and “ground.”  Insulation resistances
of 16 MO —the limit of & poccable Wheatstone bridge —
are commonly measured.

5. Temperature Measurements and Control
5.1. Refrigerant Resarvoir

For temperature-calibration measurements 5 i 20
*K or above, the Lelium batl into which the calibrator
is immersed, is vemed W atmospheric pressures,  The
bath at this 1emperature provides an adequate heat
sink for dissipating the energy emitted from the cali-
brator. For lemperature messuremenls 2 o 5 K,
the bath pressure is reduced to achieve a bath lempera-
ture of 1.8 °K or leza. A requirement for temperature
stability within the calibrator is that there shouold be a
current How to 1the heater coil at all rimes, and experi-
ence has shown that the minimam power cutput of
the heater should be 625 wW (25 2 A through the 14,000
1} heater coily, otherwise the reguired stabiliry and
repraducibility of temperatares is not possible.

5.2, Temperature Control

Temperature control is atlained through the use of
bridge and amplifier circuits and a three-action control
unit with recorder. The temperature sensor (one leg
of a Wheatatone bridge) s a germaninm resistor that
has been repeatedly eveled from ambient to higuid
helium temperatures to determine its stability and
reproducibility. The unbalance ol the bridge cireuil
is detected and fed into a serve-conirol unil, which
possesaes the controlling actions of proportional band,
rate time and resel — the servo-unit’s controlled corrent
cutput is fed directly to the calibrator’s heater coil.
Current to Lhe Wheatstone bridge circuit is supplied
by a voltape divider circuoit to permit a varialion ol
current through the permanium sensgr.  This variable
canteo) is essential since, for sensitive temperatire
contral the apparatus, the same currents cannot
be applied at all 1emperatures. Because of the low
specific heats and exiremely high values of sensor
regsigtance at low temperatures, ton laree a sensor
cutrent can cause: [a) excessive Joule hearing of the
sensar; and (b) a dissipation of hear {from the sensor
inte the calibrator) thar is large compared with the heat
output of the controlling heater coil. At the high
calibration temperatures larger sensor currents ure
required, than al low temperatures, o obtain sufh-
cient sensor sensitivity.,  In general, the temperature
is controlled by the above method 10 abour 0001 °K.
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5.3. Resistance Mesasuremenis

Potential and current measurements are made on a
double-bank six-dial potenlivmeler equipped with an
exietnal reversing switch. The advaniage of ihe
double-bank unit is that it relieves the necessity of
repositioning dials when transferring from potential
to corrent measurements.  One bank of the potentiom-
eter is used for measuring current. An exlernal
standard resislot is connected in series with Lhe resis-
tors lo be calibrated and thus, from a measorement of

the polential across the standard resistor ( =§)1

a value is obtained for the eurrent through the total
external circuit. The exlernal reversing swilch per-
mits reversal of corrents within the potentiometer
and Lhe external ciceuit, which includes the germanium
thermometers. The measuring circuit is shown in
figure 7. Wirth this arrangement the thermal emf's
may be detecled and their efect on the measurements
eliminaled.
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5.4. Calibration Techniques

For many germanium thermometers, the resistor is
a four-lead element, as shown in figore 6: two leads are
for the current source and two for potential measure-
menis. In the calibrator the current leads of the
uncalibrated resistors are connected in series with the
current leads of the calibrated thermometers to the
current source at the terminal ring (E} of figure 5.
The potential leads are wired individually to the plat-
inum lugs which have electrical lead lines communi-
cating to the potentiometer. The calibrated ther.
mometers © and D are controlling paramseters for
determining the point-by-point resistance-termpera-
ture relation of the uncalibrated thermometers, Since
an approximate temperature-resistance calibration
of the sensor resistor is available, we are able to dial
ifor each calibration point) a particular value for this
resistance on the Wheatstone bridge and then make
final adjustments after compating the two calibrated
thermometer resistance-measurements  with  their
previous values, i.e., temperature-resiztance relation
from the acoustical thermometer measurements.
After the temperature constancy of the desired cali-
bration point is clearly demonsirated, several series
of potential measurements are made to determine the
resistance of both the calibrated reference standards
{C and I and the subminted unknowns.

The complete calibration of aubmitted resistors is
performed twice, covering the range 2 to 20 °K; in
general, the temperature of a calibration point {column
1 of tables 3 through 5) must be within a few milli-
degrees of the calibration temperatures associated
with resistors C and D {column 1 of tables 1 and 2);
the differences of indicated temperatures between the
standards C and D cannot excead = 0.001 °K: and, if
possible, the two separate calibrations of the sub-
mitted resistorz should be congistent within = 0.002 °K.

TagrE 3. Resistor X

Tawa* Funn* P * s — B aR /T ard
af A0 hona 001 “K | 0000T K
"R Hnta hms Ol
2321 12413, 124 — 14 —150 21
T BS 75842 15806 14 —&. 14 —ib5
Hun 54502 LE 8 —44 -5 11
4206 04 X 25405 iA —1.54 =24
LR 1.04901.% 1.9 5 =31 — AT KR
G 1.300.5 1w, 0 15 —.50 =i
6977 4513 933.39 —65 -3 0
#.05 447,47 TIT i) -_zl =Ll
2989 [N 1 455,32 — T -1 1
Lx) ead 3640 Akt — 1 -4
1905 288 57 i ) Lkl — a7 - 146
[FEOL 18535 N -0 — Ay 13
12963 183.57 183,64 — A — 136 Ly
14035 15042 150041 A — A —id
14993 1,21 13214 A — 20 =13
16050 10955 1833 Ki — dé -2
184010 9,43k W 376 Ak — .03 =35
1800 B 619 B 657 — 038 1] i
18.938 517 T5.00] — 4 — .&E5 LT
b LE T} 7. 80

* Fima &l f gy Teber 1o calibrtion guaminbes, amphraare and resisiance.
¥ Pl |8 1he Fonislance. st ibe temperalacs Ta.,, obitained by gonorating Mrakitanes @i 4
Tunciion wre [remn Lhe wy d palyembpl coeffecicnts 4,

Ly

'% |s penermed fram ibe evaluated coelficients A,

R
d 4T by admained by dividing (R — S br ar
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TasLE 4. Resistor ¥

T " B ® K" Ran— Fn dR\are ar-
af (O pE. 081 *E] | 10000 K
K ma Olima ems
B 71,35, 71441, — B30 — 8 05
- 2,038, 21,046 @« — &) -14
Rl 2,113, 9313 — 3, -182 21
4,208 1,921.0 1.219.5 L5 —i4 -4
5.9 BRS04 ;=R ] =7l 21
L 400,48 35417 2.3 | — a0
.07 5351 4 L) - .17 =57
BaMGE 158 .94 1658.70 — 25 — . 4.8
B30 1830 Lo — .4l - D3 118
48T 103 Be 10698 =7 — oM Ty
10901 #3627 158 ) 11 -7 =02
180T o771 H7_507 112 — iz —9.a
128962 57492 LT ] ([} — DG —19.3
19, (g 44,274 48,2010 073 —. 5 —-9.7
14.743 4 852 4] 24k k] = 006 —5.2
16,051 k=R 25,700 — a1y ~ 0050 ik
18,704 31.78] 51 816 — 435 —. g2 B3
18,006 15 A — 54 ~ A5 154
B .50 2.A52 —iK3z — LM} Y
b1 X1 2] 0. 080 2,53] (4 — 325 - 194

* Fuwan il Egyyy refer bo callbrotion quantities. temperaiure and resiainmce.
" Hlorn in Chee reaimlomie, 41 the Leniperaruee Type. obalnad By peneraiing meisianse o 4
Tuneawn of temperature from the evalusted polyoomial coefficiendn Ay

'i—-ri- peneratud Tom i wralusaed cosficioms Aa,
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TABLE 5. Resistor £

Tun? Rowie Rom® Roavn = B AR T -1
(Dhomef. 001 7E | (0000 K
K EXamy M Phwu
2.51% 1.014.4 1,189 —ih] — 145 RLE
2,500 1,447 1.404.5 2 -7 -3
5,208 1.136.1 113668 -4 -5 E
4,208 k] e 20 -2 -4
SM01E 95 22 a5 42 —. .13 1.5
605 39609 59658 11 =07l - 1.5
6977 4.3 3.0 -.12 — 086 I.5
1068 SH.1T SH.17 J — i 0.0
o944 450.13 49007 106 —.02¢ —ip
9885 b 52 b 45 AR —.0s -7
0.9 45094 450 47 i — ALk -7
12.018 a4, 23 443,30 —.or —.01 b4
12,562 v &M 8 — — Al -3
14046 416, 5 41450 - =013 13
14993 H13.63 13 60 A} — 15 =20
105, (e 38711 8705 L — 0T —&%
16,94 I8 I L) - B —50
18004 3l 35108 — A — 0 30
14,50 13134 23] 96 -1z — 12l al
0.8 304,51 304,45 06 - ¥zl -2.9

2 Tanis ondl By pelar v colibencliom quanttlen, M:Eﬂltm and egalatomee.
¥ My in the reaistance, a1 the lemperaiore T, vbiained by gtoesting resisiance a6 4
Function of temgeraidm [ram ke avabianed polynomial cotBelents A,

ted from the eval d coelbrienty A

1LY

T
AT in abdaived by dividing (K s — b B¥ %

Pericdically during calibrations, when the extent
of Joule heating in a submitted resistor is not known,
power tests are petformed. This is to insure that the
resistor current is sufhciently low thal Joule heating
cffects are well below 1 mdeg

Certain features of the calibration appsratus merit
mentioning. A high vacuum is maintained within the
inner can: the resistors are moumed (within the copper
core} in a stopeock grease medium; the region of the
copper cote, which contains the spiralled leads, has
been covered with a sojtable varnish to enhance ther-
mal equilibriom between the core and leads; the heater
coil has been varnished onte its containing form; and
the current leads from each resistor are thermally
anchored 10 the copper core. These features aid in



promoting thermal equilibriom (between the ger-
manjum Tesistors) to such an extent that a thermal
gradient has not been detected —even though the
heater has bean osperated at powets that have varied
by an order of magnitude. (The power varance
HOCUTE, du:ing measurements at @ constant tempera-
ture, as the vacuum in the outer can [figure 3} is allowed
to change.)

&. Results and Conclusions

The calibration data for three resistors that have
been calibrated against resistor C and I} are presented
in figure 8 and in columns 1 and 2 of takles 3, 4, and 5.
The resistors are from three differemt commercial
sources and may, perhaps, be conzidered Lypical of
available resistors. The resistors are labeled as
X, Y, and 2 and their calibration data have been
treated on the compuler in & manner paralleling that
previously described in this paper for resistors C and
D. We have attempted Lo fit the data for each re-
sistor to a polynemial of the form

1]
login R= E Anllogn T
=0

Resistors X and Z appeared to be reasonably repre-
sented by an eighth order polynomial; for Y, the sig-
nificance of the pulynomial coefficients became doubt-
ful for the seventh and eighth orders. Generations
for X, Y, and Z, based upon 9, 7, and 9 coefficiens,
respectively, were performed to oblain the quantities

dR d*R | dR

R dr ™ gar
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Ficune 8. Pl of regigtances as o function of tempargeure: A, resistor
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as a fenction of temperature.  Since the columns of
tables 3, 4, and 5 correspond to those of tables 1 and
2, columns 9 indicate how well the calibrations of
resistors X, Y, and Z are represented by the fitted
polynomiala. For these resistors alzo, elimination
of the data at the lowest temperature will generally
rezult in a more accurate functional fit at lower paly-
nogmial orders.
It is to be nated, for resistor Z in Ggure B that the

RE—T relationship is not characterized by a mono-

tonically decreasing derivative j—?. Indeed the gen-

eration of the second derivative il clearly exhibits

a change in sign between 12.060 and 12070 °K, and
also between 20,430 and 20490 *K. (The change in
sign iz not significant at the higher temperatures,
since 20,480} "K exceeds the range of the calibration
dalz.) Sauch a cendition indicates that caotion must
be exercized in atlempling to use ocur funectional rela-
tionzhip for inlerpulating temperatures and resisiances
that are intermediate to the calibration points of re-
sistor Z. Perhaps z betler approach for interpolation
would result from functionally fitling selectad segments
of the calibration data.

To repeat, columns & of tables 3, 4, and 5 demon-
strate that the functional representations for resistors
X and Z arc more accurate than iz indicated for re-
sistor Y. While this can possibly be partially at-

tributed to Y’'s low vaiues of ;ﬂ,}. ar the highest tempera.

rures, one must note that the polynomial At for resistor
Y ecovers a much larger range of resistance than is
the rase for resistors X and Z.  However, it is probahly
more significant to note that Y is basically a 1wo lead
resistor while X and Z involve four lead contaets.  As
has been described earlier in this paper, the electrical
megsurements of reslatance are made by a divect-
current, potentiometric technique. In Lhe case of
resistors X and Z, corrent connections Lo Lhe germa-
nium crystal are distinctly separate {from Lhe polential

& RESISTOR X
o RESISTOR
* REGISTOR Z

1 1 11
100 12.0 4.0
TEMPERSTLRE. K

1
EIY] 40 Y 80

FiouRe 9. Resistoncetemperafure  sensitfuiey, 1}[5%(:1[{) ut o4

Sfunction of temperature (°Kk: 5, resistor X, o, resistor ¥ and #.
registor £,



leads. For resistor Y, a current and potential lead
are cohnected to each of the two leads that lead to
the germanium resistor, It is possible that lead or
contact resistances iniroduce additional uncertaimties
in the determination of Y's resistance.

Figure 9 indicates resistor sensitivities. The sensi-
tivity is the fractional change of resistance per °K
a3 a function of the absolite temperatore, (Juite
abviously, depending upon the user's raguirements,
selection of a particular type of resistor is imporiant

. . 1 R
since the sensitivities, Rdr = well as Lhe absolute

magnitude of resistance, R, are vadable—depending
upan the concentration of imporities that have been
added to the germaniom.

Calibration certificates for submitted resistors are
issued for calibrations at approximately the tempera-
tures indicated in column 1 of table 1 or table 2; it
iz expected that these values of temperature are re-
produced within = 0.002 °K; and the measuring cor-
rent a1 #ach temperatore is specified. For the user’s
information we attempt Lo bt the calibration dara with
a polynomial and include the resulis as part of the cali-
hration service.
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